The parasitic angiosperm Cuscuta reflexa has a highly unusual carotenoid composition in that it does not contain neoxanthin, an otherwise ubiquitous component of the major light-harvesting complex protein (LHCIIb) in all other higher plant species studied to date (1). Combined HPLC and mass spectrometric analysis has enabled us to detect in tissues of C. reflexa two new types of xanthophylls: lutein-5,6-epoxide and 9-cis-violaxanthin. We have isolated the LHCIIb complex from thylakoids and analyzed chlorophyll and carotenoid composition. The data show that the 9-cis-violaxanthin is present in amounts similar to that of neoxanthin in most plants. On the other hand, lutein-5,6-epoxide was found to be in substoichiometric quantities, suggesting a peripheral location similar to the loosely-associated alltrans-violaxanthin and also enabling suitable accessibility for the de-epoxidase (VDE). Absorption spectroscopy revealed close similarities of the excited state energies of neoxanthin and 9-cis-violaxanthin in vitro and in intact LHCIIb complex. Resonance Raman analysis clearly indicates a cis conformation of violaxanthin in the complex, confirming the pigment analysis data and proving that not only does violaxanthin replace neoxanthin as an intrinsic component of LHCIIb in C. reflexa but it also adopts the same 9-cis conformation of neoxanthin. These results suggest that the N1 binding site of LHCIIb preferentially binds 9-cis-5,6-epoxy carotenoids, which has implications for the features of this binding site and its role in the photosystem II antenna assembly and stability.
In autotrophic higher plants, the first process of photosynthesis, the absorption of light, is carried out primarily by an array of pigment-binding proteins called the light-harvesting complexes (LHCs). 1 With very few exceptions, these complexes bind a predictable set of pigments, namely the chlorophylls a and b, the ␤,⑀-carotenoid lutein and the ␤,␤-carotenoids neoxanthin and violaxanthin.
The major LHC of photosystem II, termed the LHCIIb, is the most studied of the LHC systems. It contains more than 40% of all the pigments bound within photosynthetic membranes (2) . In the membrane LHCIIb exist in a form of a trimer, which is fairly stable in vitro. Biochemical analyses of purified LHCIIb trimers have shown they bind two molecules of lutein, one of neoxanthin and a substoichiometric quantity of violaxanthin per protein monomer (3, 4, 5) . The binding sites of these carotenoids within the LHCIIb protein complex have been identified and appear to be highly carotenoid-specific. Electron crystallography indicates that two lutein molecules take on a crossbrace formation and are bound at sites L1 and L2 associated with the two membrane-spanning ␣-helixes (6, 7). Site-directed mutagenesis experiments suggest that the neoxanthin binding site, N1, is associated with the more peripheral transmembrane helix C (8) . The location of the violaxanthin binding site, V1, is less clear, but it appears to be peripheral to the complex with a binding strength which is less than either L1, L2, or N1 and which depends largely on the oligomeric state of the LHCIIb complex (4, 5) . Higher levels of V1 occupation have been observed in plants grown under high light environments that enhance the amount of violaxanthin in antenna compared with those for plants grown under low light (9) . This environmentally dependent binding of violaxanthin to LHCIIb reflects a role of violaxanthin in the xanthophyll cycle and the plant requirements for photoprotective energy dissipation (10) . In LHCIIb, lutein bound in the L1 and L2 sites interact mainly with chlorophyll a and may perform a photoprotective role through chlorophyll triplet quenching (11) . Of these two sites, L1 appears to be specifically important for correct protein folding and maintaining protein stability (11, 12, 13, 14) .
Neoxanthin, like lutein, is tightly bound and not easily removed from the purified protein (4) where it occupies the N1 binding site regardless of the growth conditions experienced by the plant. Evidence from biochemical, spectrophotometric and mutagenesis analyses indicate that neoxanthin in the N1 binding site correlates with chlorophyll b molecules (4, 11) , which is consistent with the close stoichiometric relationship between chlorophyll b and neoxanthin found in chlorophyll b-containing photosynthetic tissue (15, 16) . Unlike the L1 site, the occupation of the N1 binding site of LHCIIb is not essential for protein folding (5, 11) . However, monomerization of trimers in vitro results in significant losses of neoxanthin (as well as chlorophyll b) and decreased affinity of binding, suggesting a possible role for the N1 neoxanthin in maintaining trimer stability (4) . Indeed, thylakoids isolated from xanthophyll mutants of Arabidopsis lacking neoxanthin exhibit very low levels of trimers in non-denaturing gels (17) (18) (19) . It is also interesting to note that the minor PSII antenna complexes, CP29, CP26 and, in particular, CP24 have reduced amounts of neoxanthin, if any, and do not form trimers in vivo or in vitro (20) . LHCIIb reconstitution experiments and analyses of antenna preparations from mutant plants lacking neoxanthin demonstrate that the neoxanthin-binding site is not occupied by other xanthophylls (11, (17) (18) (19) . These observations suggest a high specificity of the N1 site for neoxanthin.
In previous work, we described the unusual carotenoid composition of the parasitic angiosperm Cuscuta reflexa. This plant lacks neoxanthin and instead contains an unusually high concentration of lutein-5,6-epoxide while maintaining photosynthetic capacity and LHCIIb trimers that are otherwise largely indistinguishable from the neoxanthin-containing complexes found in all other higher plants studied to date (1, 21) . In the present work we identify another xanthophyll, 9-cis-violaxanthin, present in unusually high concentrations in C. reflexa thylakoids. Also, we further analyzed the biochemical and spectral properties of isolated LHCIIb to establish which carotenoid, if any, replaces neoxanthin in this plant. Alternative carotenoid binding in the N1 site of LHCIIb provides new insights into xanthophyll binding site specificity and its implications for LHCIIb structure and function. We also identify novel types of peripherally associated antenna xanthophylls and their participation in the xanthophyll cycle.
EXPERIMENTAL PROCEDURES
Plant Material and Experimental Conditions-Plant material from C. reflexa Roxb. (dodder) used for HPLC/MS pigment analysis and thylakoid preparations from which LHCIIb protein was subsequently isolated was grown on Coleus blumei L. as the host species. Host plants were grown in peat-based potting mix in a glasshouse with temperatures in the range 18 -32°C (but most often between 22 and 26°C) under natural light supplemented by metal halide lamps for 3 h at the beginning and end of the day to give a total day-length of 16 h. Spinach plant material used in similar analysis was obtained fresh from a market.
Thylakoid and LHCII Isolation-Thylakoids were prepared from C. reflexa stems and spinach leaves as described previously (1) . Thylakoid extracts were frozen in liquid nitrogen and then stored at Ϫ80°C. LHCs were purified from thylakoids by isoelectric focusing as previously described (22) . The protein band identified as enriched in LHCIIb was further purified by sucrose gradient centrifugation as described in by Ruban et al. (23) , except that sucrose gradients were comprised of six sucrose layers of 0.2-0.7 M in 0.1 M increments. LHCIIb monomers were prepared by phospholipase A2 treatment of LHCIIb trimers for 36 h in the presence of 20 mM CaCl 2 at a chlorophyll concentration of 0.5 mM, followed by purification on a sucrose gradient as described previously (4) .
HPLC/MS Analysis of Pigments-The carotenoids and chlorophyll composition of intact tissue and LHCIIb were analyzed by HPLC/MS with HPLC coupled to positive-ion, atmospheric pressure chemical ionisation mass spectrometry (APCI-MS). For this analysis, a Waters 2790 HPLC system (Waters Corporation, Milford, MA) was coupled to a Micromass LCT Time-of-Flight mass spectrometer (Waters Corporation). The HPLC separation of carotenoids was achieved by a protocol modified from Bungard et al. (15) , with modifications designed to resolve isomer fractions among the xanthophyll pigments. Reverse-phase HPLC was carried out on a 100 mm ϫ 8 mm Waters NovaPak C18 radial compression column (4-micron particle size; Waters Corporation), preceded by two guard columns (4 mm ϫ 2 mm C18; Phenomenex, Torrance, CA). Entire plant tissue and LHCIIb samples were extracted by grinding or homogenizing in 100% acetone followed by centrifugation and filtration through a 0.2-m pore size nylon syringe filter. Samples (40 l) were injected by a Waters Alliance 2790 Autosampler (Waters Corporation). A three-step solvent system was employed to separate pigments. First, the xanthophyll pigments were eluted with 1.0 ml min Ϫ1 acetonitrile and methanol (92:8) over 17 min. This was followed by the application of a 1-min linear gradient to 2.0 ml min Ϫ1 acetonitrile and ethyl acetate (68:32), which was then maintained for 3.5 min to elute chlorophyll a and chlorophyll b. Finally, ␤-carotene was eluted by the application of a 3-min linear gradient to a mixture of ethyl acetate and hexane (50:50) also at 2.0 ml min Ϫ1 , which was maintained for 1.5 min. Separated pigments from the HPLC were run directly through a Water 996 PDA (Waters Corporation) for spectrophotometric analysis and then into the mass spectrometer. In the APCI-MS analysis, the temperature of the ion source was maintained at 80°C. Nitrogen drying (or bath) gas was used at a flow rate of 560 liters h Ϫ1 and the probe heated to 400°C. The APCI carrier gas was nitrogen and an optimum combination of fragmentation and ion current was obtained at a Carona voltage of 4000 V. The range 100 m/z to 2500 m/z was scanned over ϳ75 s with 0.9 s of data being summed into one mass scan. Carotenoids were identified and quantified by comparing absorption spectra and retention times with published data and purified standards, and by analysis of furanoid re-arrangements and iodine-catalyzed isomerization products together with mass data obtained through APCI-MS analysis. For the furanoid re-arrangement of carotenoids, around 5-10 nmol of pure carotenoid was dissolved in 100% acetone at room temperature and 1 l of a 1% HCl solution in water was added. For the carotenoid isomerization, around 5-10 nmol of pure carotenoid was dissolved in 0.5 ml of 100% benzene and 2.5 l of 100% benzene containing 0.2 mM iodine added before 30 min of exposure to dim laboratory light at room temperature.
Absorption and Resonance Raman Spectroscopy-Room temperature absorbance measurements of LHCIIb were carried out with an Agilent 8453 spectrophotometer (Agilent Technologies Ltd, Singapore) using a similar procedure to that previously described (24) . The 77K absorption spectra were recorded on a Varian Cary E5 double-beam scanning spectrophotometer. Measurements at 77 K were performed using a helium flow cryostat (Air Liquide). Low temperature RR spectra were obtained using a Jobin-Yvon U1000 Raman spectrophotometer equipped with a liquid nitrogen-cooled CCD detector (Spectrum One, Jobin-Yvon, France). Excitation was provided by Coherent Argon (Innova 100) laser lines at 457.9 and 488.0 nm (Coherent). Table I presents the chlorophyll and carotenoid composition of intact tissue and purified LHCIIb from C. reflexa and spinach. Fig. 1 shows representative HPLC and APCI-MS chromatograms of this same tissue, identifying each xanthophyll through its mass. Intact tissue of C. reflexa and spinach showed pigment compositions consistent with previous reports (1). C. reflexa contained lutein and the xanthophyll cycle carotenoids violaxanthin, antheraxanthin and zeaxanthin similar to spinach and most higher plants. C. reflexa, however, did not contain neoxanthin and instead contained relatively high concentrations of lutein-5,6-epoxide (Lx) (up to around 18% of the total xanthophyll pool) and another xanthophylls that we identify as 9-cis-violaxanthin (9cV, Fig. 2 ) (up to around 7% of the total xanthophylls pool). 9-cis-violaxanthin was identified from its mass (Fig. 1) , by furanoid rearrangement to confirm the existence of two epoxy functional groups, 2 by comparison to isomers produced from iodine-catalyzed photoisomerization of all-trans-violaxanthin (Fig. 2) , and through comparison with petal tissue from Viola tricolor, which has been shown to be enriched in 9-cis-violaxanthin (25) .
RESULTS

Pigment Composition of Intact Tissue and Purified LHCIIb-
A high proportion of the total carotenoid content of purified LHCIIb from spinach was made up of lutein and neoxanthin at around 62 and 27% of the total xanthophyll pool, respectively (Table I ). All other carotenoid concentrations decreased as a proportion of the total xanthophyll pool when LHCIIb was compared with intact tissue. LHCIIb from C. reflexa showed a similar trend relative to intact tissue in that the total xanthophyll pool was enriched in lutein (also around 64% of the total xanthophylls). However, most surprising was that the 9-cisviolaxanthin isomer was the only other carotenoid to increase as a proportion of the total xanthophyll pool, from less than 7% in entire tissue, to around 24% in LHCIIb of C. reflexa. In comparison to spinach, LHCIIb from C. reflexa also contained trace amounts of several other carotenoids which mass spec- 
Pigment composition of intact tissue and LHCIIb of Cuscuta reflexa and spinach
LHCIIb were prepared from subsamples of the entire tissue presented. The chlorophyll a:b ratio is a molar ratio and carotenoid concentrations are presented as mol mol purified all-trans-violaxanthin (B) , and purified all-transviolaxanthin after iodine-catalyzed photo-isomerization (C). The 9-cis isomer of violaxanthin in C was distinguished from the other isomers by comparing absorption spectra with that previously reported and by comparing absorption spectra and retention times with tissue enriched in 9-cis-violaxanthin (25) . trometry revealed to possess mass values equal to lutein-5,6-epoxide and antheraxanthin, with a dominant ion signal of 585.4 m/z in MHϩ APCI-MS analysis (Fig. 1) .
Comparison of the carotenoid composition of intact tissue with that of purified LHCIIb clearly indicates principal differences between the two unusual xanthophylls lutein-5,6-epoxide and 9-cis-violaxanthin in C. reflexa. One, lutein-5,6-epoxide, is a good substrate for deepoxidation, as reported earlier (1) . It is present in relatively high concentrations in intact tissue, but is relatively depleted in LHCIIb where it is bound to LHCIIb in the substoichiometric amounts and is likely to be a peripherally associated pigment, similar to violaxanthin, probably in the same binding site V1. On the other hand, 9-cis-violaxanthin, was largely inactive in deepoxidation reactions and hard to remove by further LHCIIb purification steps such as sucrose gradient centrifugation. Moreover, it is present in LHCIIb in amounts similar to those of neoxanthin in control plants (one per monomer), suggesting that it could be occupying the N1 site. Fig. 3 compares the structures of neoxanthin and 9-cisviolaxanthin. Half of the molecules of these pigments are identical compositionally and structurally, both having the 9-cis conformation. The other halves are different: while violaxanthin contains epoxide in the end group, neoxanthin possesses an allene group attached to it. Modeling the steric structures using energy minimization routines produces very similar three-dimensional configurations of these two molecules (Fig.  3B) . The cis motif is the most distinct feature, responsible for the L-shape configuration of both molecules, whereas differences in the other groups produce only variations in the headgroup orientation. For 9-cis-violaxanthin, the end group is more perpendicularly aligned with respect to the backbone of the molecule in comparison to the corresponding neoxanthin head-group orientation. The reasons for a weak efficiency of de-epoxidation of 9-cis-violaxanthin could be the specificity of de-epoxidase only to the all-trans epoxy xanthophylls as well as the poor accessibility due to the tight association and intrinsic location of the binding site.
Neoxanthin and 9-cis-violaxanthin reveal very similar excited state energies. Fig. 4 displays their absorption spectra in comparison to the absorption spectra of all-trans-violaxanthin and lutein-5,6-epoxide. Indeed, neoxanthin and 9-cis-violaxanthin not only have identical 0-0, 0-1, and 0-2 energies but also very similar absorption spectra at around 330 nm. This 330 nm absorption is characteristic of cis isomer carotenoids and is further evidence of the cis nature of violaxanthin from Cuscuta LHCIIb and also is an indication of the similarity between neoxanthin and 9-cis-violaxanthin bound to LHCIIb. All-transviolaxanthin and lutein-5,6-epoxide have also very similar spectral features, different from those of neoxanthin and 9-cisviolaxanthin. The major electronic transitions are ϳ5-nm downshifted and the cis peak at around 330 nm is absent. This is consistent with the fact that both these xanthophylls have nine conjugated double bonds and the same all-trans confor- FIG. 3 . A, structural formulas of 9-cis-neoxanthin and 9-cis-violaxanthin. B, three-dimensional modeling of 9-cis-neoxanthin and 9-cis-violaxanthin using the energy minimization algorithm with MMX force field (PC Model, Sirena Software, Bloomington, IN).
FIG. 4. Absorption spectra of all-trans violaxanthin (1), alltrans-lutein-5,6-epoxide (2), 9-cis-neoxanthin (3), and 9-cis-violaxanthin (4).
Spectra were recorded in the HPLC running solvent of 92% acetonitrile and 8% methanol by photodiode array (PDA) directly following HPLC separation from plant tissue extracts. mation. With this evidence, and the assumption that lutein-5,6-epoxide and 9-cis-violaxanthin have the same or similar binding sites in vivo as violaxanthin and neoxanthin, respectively, it could be expected that the absorption characteristics LHCIIb from C. reflexa and spinach may be indistinguishable.
Absorption and Resonance Raman Spectra of LHCIIb from C. reflexa-Room temperature absorption spectra of LHCIIb from C. reflexa and spinach are almost identical (data not shown) and comparable with those previously reported from isolated trimeric LHCIIb complexes (1, 4) . This indicates unchanged chlorophyll composition and organization of the pigment population associated with the protein. To investigate the xanthophyll absorption properties in detail we have measured the low temperature absorption spectrum of C. reflexa LHCIIb and analyzed the fine structure using the second derivative method. Fig. 5 represents the Soret band absorption spectrum of LHCIIb monomers measured at 77 K. As was recently found, the xanthophyll absorption region of the LHCIIb monomer is simpler than that of the trimer (26) . It is represented by two 0-0 transitions belonging to the two different types of xanthophylls. One absorbing at 494 -495 nm has been assigned to two lutein molecules being in approximately similar environments (26) . The other component, peeking at 485 nm, has been assigned to the neoxanthin in neoxanthin-containing LHCIIb. This component is approximately half the intensity of the lutein band, since there are two luteins and only one neoxanthin per LHCIIb monomer in usual plant tissue. The second derivative spectrum represented on Fig. 5 shows the lutein feature at 494 nm and the smaller component at 485 nm. There is also a 457-nm band, which matches the position of the 0-1 transition of neoxanthin in neoxanthin-containing LHCIIb. Since neoxanthin is totally missing from the LHCIIb from C. reflexa, these spectrophotometric components are most likely to correspond to the 0-0 and 0-1 transitions of 9-cis-violaxanthin, which replaces neoxanthin but has a very similar absorption spectrum in vitro (Fig. 3) .
In order to obtain direct information on the configuration of the LHCIIb xanthophyll absorbing in the 485-nm region we employed the RR spectroscopy. The method has proven to be non-destructive for many photosynthetic preparations and provide selective information about the type and conformation of carotenoids in multipigment systems (27) . Fig. 6A presents the conformation-sensitive Raman region, 2, for LHCIIb monomer from the control plant spinach (1) and from C. reflexa (2) . Both spectra look very similar. Regions characteristic of 9-cis conformation at 1124 and 1132 cm Ϫ1 have the same position and amplitude, suggesting identical xanthophyll configurations absorbing around 485-488 nm. The position of the other band, 1, in the Raman spectrum is sensitive to the number of carotenoid conjugated double bonds and configuration. It was found to be indicative of the type of xanthophyll in the LHCIIb antenna (27) . Excitation near the postulated 0-1 (457 nm) and 0-0 (485 (Fig. 6B) . Thus, when combined with the data for 2, we provide direct evidence that the violaxanthin of the native LHCIIb from Cuscuta is indeed in the 9-cis configuration when bound to the complex.
nm) bands of C. reflexa
LHCIIb yields the 1 position, very similar to that of neoxanthin in spinach LHCIIb
DISCUSSION
In this study, we compared the carotenoid composition and spectrophotometric properties of intact tissue and purified LHCIIb from the model species spinach with that of the unusual species C. reflexa. The results provide insights into the specificity of carotenoid binding sites within LHCIIb.
In spinach and other higher plants studied to date, aside from the Cuscuta species (1), the carotenoid composition of intact plant tissue is dominated by lutein, neoxanthin, and violaxanthin. Purified LHCIIb, however, typically retains very little violaxanthin and instead its carotenoid composition is dominated only by lutein and neoxanthin (Table I and Fig. 1 ). This loss of violaxanthin during LHCIIb purification is considered to reflect the loosely-bound nature of violaxanthin to the peripheral V1 binding site of LHCIIb, while the retention of neoxanthin and lutein is considered to reflect their tight binding in the internal L1, L2 and N1 binding sites (4, 20) . In this study (Table I ) and previously (1), we show that intact tissue of C. reflexa is also dominated by violaxanthin and lutein but contrasts with more usual plants in that neoxanthin is absent and C. reflexa contains comparatively high concentrations of lutein-5,6-epoxide. The comparison of the total carotenoid pool of intact C. reflexa with that of LHCIIb from the same tissue in this current study (Table I) shows that isolation of LHCIIb was accompanied by the loss of the majority of both violaxanthin and lutein-5,6-epoxide, leaving it enriched in lutein and, unexpectedly, a carotenoid identified as 9-cis-violaxanthin (Fig. 2) .
These results suggest that lutein-5,6-epoxide is, like violaxanthin, loosely bound to the periphery of LHCIIb and does not stoichiometrically replace neoxanthin in the N1 binding site of LHCIIb as previously suggested (1) . The similar binding affinity of lutein-5,6-epoxide and violaxanthin with LHCIIb demonstrated in this study (Table I ) lends support to suggestions that lutein-5,6-epoxide has a role in photoprotection: previous work has shown that lutein-5,6-epoxide is involved in a light-driven de-epoxidation reaction that mimics the de-epoxidation of violaxanthin in the so called xanthophyll cycle involved in photoprotection (1, 28) .
Perhaps more interesting, however, is the unexpected prevalence of 9-cis-violaxanthin in purified LHCIIb of C. reflexa (Table I and Fig. 1 ). The 9-cis-violaxanthin makes up only a minor proportion of the total carotenoid pool in intact tissue (less than 7%) but a much greater proportion in LHCIIb (around 24%) ( Table I ). This retention of 9-cis-violaxanthin during LHCIIb purification suggests that, like lutein (and neoxanthin in most plants), 9-cis-violaxanthin is also tightly bound to the LHCIIb complex. Comparison of spinach and C. reflexa LHCIIb show that both protein complexes have an almost identical concentration of lutein. This concentration is consistent with both the L1 and L2 binding sites being occupied by lutein molecules (2) (3) (4) 20) . The apparent full occupation of the lutein binding site by lutein but the tight binding of 9-cisviolaxanthin to LHCIIb strongly suggests that 9-cis-violaxanthin dominates the N1 binding site in C. reflexa.
More direct evidence on the 9-cis-violaxanthin binding in the N1 locus was obtained from RR spectroscopy on the isolated LHCIIb. Indeed, the pigment, which replaces neoxanthin in Cuscuta reveals electronic excited state properties as well as the cis conformation features that are almost identical to neoxanthin (Figs. 5 and 6 ). 9-cis-violaxanthin therefore is closely mimicking the major molecular properties and probable functions of neoxanthin in LHCIIb.
The substantial proportion of 9-cis-violaxanthin bound to purified LHCIIb suggests a preferential binding of 9-cis-violaxanthin in the N1 site of LHCIIb over that of several carotenoids which otherwise dominate the total xanthophyll pool, including lutein and the 5,6-epoxy-carotenoids all-trans-violaxanthin and lutein-5,6-epoxide, and a second cis-isomer of violaxanthin (probably 13-cis, Ref. 29) . 2 Interestingly, HPLC/MS analysis indicates a number of carotenoids other than lutein and 9-cis-violaxanthin that also occur at trace levels in LHCIIb from C. reflexa (Fig. 1) . These carotenoids have similar mass to lutein-5,6-epoxide and antheraxanthin but their altered retention times suggest that they are isomers rather than the alltrans forms of these carotenoids. It seems likely that the 9-cis isomers of antheraxanthin and lutein-5,6-epoxide, and perhaps other cis-isomers, would be among these trace carotenoids (29) .
It has been shown that 9-cis-violaxanthin is insufficient to allow the reconstitution of recombinant LHCIIb protein when used alone with Chls a and b (30) . However, this probably reflects the inability of 9-cis-violaxanthin to bind in the L1 site of LHCIIb, which is crucial for instigating protein reconstitution (11, 14) , rather than being an indication of binding capacity at the N1 site. Previous studies do suggest that binding in the N1 site may be highly specific for neoxanthin or at least limited to epoxy-containing carotenoids. For example, the N1 site remains empty in both LHCIIb extracted from the mutant aba3 Arabidopsis thaliana, which lacks the epoxy-carotenoids violaxanthin and neoxanthin (31) and in recombinant LHCIIb reconstituted with the epoxide-free lutein and zeaxanthin alone (11, 20) . Combined with these results, the usual binding of 9-cis-neoxanthin in neoxanthin-containing plants and the unusual, but preferential binding of the 9-cis-violaxanthin in C. reflexa allows us to be more specific about carotenoid binding at N1 and suggest that it preferentially binds 9-cis-5,6-epoxy carotenoids.
There appear to be no other investigations to date that specifically test the binding of any 9-cis carotenoids beyond 9-cisneoxanthin in the N1 site. It has been shown in protein reconstitution studies, however, that the N1 site can be occupied by all-trans-violaxanthin, albeit with a much lower affinity than neoxanthin (5, 11, 32) . In our study, in the absence of neoxanthin, 9-cis-violaxanthin is preferentially bound to the N1 site of LHCIIb even though all-trans violaxanthin is present in substantially higher concentrations than 9-cis-violaxanthin in intact tissue. This suggests that binding in the N1 site may be much more configuration-dependent in intact thylakoids than inferred in experiments with detergent micelles or reconstituted recombinant LHCs.
The significance of preferential binding of 9-cis-epoxy carotenoids in N1 is unclear. However, recent indepth spectrophotometric analysis has shown that carotenoids, and violaxanthin and neoxanthin in particular, adopt specific configurations in thylakoid membranes which are disrupted when LHCIIb trimers are isolated from the membrane complex (27, 33) . Further evidence suggests that the interaction between chlorophyll b and neoxanthin may differ when LHCIIb complexes move from trimeric to monomeric forms (11) . It has been suggested that these conformational changes may reflect the carotenoids special role in the assembly and function of the LHC and in particular the regulation of energy transfer and dissipation (26, 34, 35) . It is tempting to suggest that the 9-cis-epoxy configuration is important with respect to these oligomeric interactions, at least to stabilize the trimer. The substantial preferential binding of 9-cis-violaxanthin in our study is certainly consistent with a stringent configuration-dependence within intact thylakoids. C. reflexa maintains a fully functional photosynthetic system and LHCIIb in the trimeric state in the absence of neoxanthin, with an efficiency that appears to differ little from usual neoxanthin-containing systems (1, 21) . Our results here also show that the compositional changes in C. reflexa have little discernible impact on the spectrophotometric properties of purified LHCIIb (Figs. 4 and 5) .
There are two possible arguments that can be formulated regarding the apparent carotenoid specificity of the N1 binding site. Firstly, in usual plants like spinach (and the direct evolutionary ancestors of C. reflexa) the N1 binding site may have evolved the ability to preferentially bind 9-cis-epoxy carotenoids as an effective means of binding 9-cis-neoxanthin as it is this carotenoid that maintains optimal LHC function. Secondly, it may be the 9-cis-epoxy-carotenoid conformation that is significant to the function of the N1-bound carotenoid and it is simply the abundance of 9-cis-neoxanthin in usual plant tissue that leads to its preferentially binding in the N1 site. From our results it is not possible to suggest which evolutionary process is the correct one. However, we can say that a greater understanding of the function of the N1 binding site is likely to be gained from interpreting its biophysical characteristics with respect to the 9-cis-5,6-epoxy-carotenoid configuration of neoxanthin and violaxanthin.
